Preparation and evaluation of a highly stable palladium yttrium platinum core-shell-shell structure catalyst for oxygen reduction reactions by Liu XT et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This work is licensed under a Creative Commons Attribution 3.0 Unported License 
 
 
Newcastle University ePrints - eprint.ncl.ac.uk 
 
Liu XT, Yu EH, Scott K.Preparation and evaluation of a highly stable palladium 
yttrium platinum core-shell-shell structure catalyst for oxygen reduction 
reactions. Applied Catalysis B: Environmental 2015, 162, 593-601. 
 
 
Copyright: 
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/).  
DOI link to article: 
http://dx.doi.org/10.1016/j.apcatb.2014.07.038  
Date deposited:   
21/09/2015 
  
P
p
r
X
C
a
A
R
R
A
A
K
F
C
D
C
O
1
m
b
t
n
g
c
t
c
s
a
i
P
i
a
a
t
t
i
h
0Applied Catalysis B: Environmental 162 (2015) 593–601
Contents lists available at ScienceDirect
Applied  Catalysis B:  Environmental
j ourna l h om epage: www.elsev ier .com/ locate /apcatb
reparation  and  evaluation  of  a  highly  stable  palladium  yttrium
latinum  core–shell–shell  structure  catalyst  for  oxygen
eduction  reactions
iaoteng  Liu ∗,  Eileen  H.  Yu,  Keith  Scott
hemical Engineering and Advanced Materials, Merz Court, Newcastle University, Newcastle upon Tyne, NE1 7RU, United Kingdom
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 6 May  2014
eceived in revised form 3 July 2014
ccepted 19 July 2014
vailable online 29 July 2014
a  b  s  t  r  a  c  t
A  core–shell–shell  structure  Pd–Y–Pt/C  catalyst  was  prepared  using  a controlled  surface  reaction  method.
The  structure  was  confirmed  by X-ray  photoelectron  spectroscopy  (XPS)  and  energy  dispersive  X-ray
(EDX)  techniques.  Nano-scale  yttrium  was  formed  as a shell  located  as  the  middle  layer of  the  catalyst.
Electrochemical  evaluation  of  the Pd–Y–Pt/C  with  less  than  7% of  Pt showed  an  improved  performance
toward oxygen  reduction  reaction  (ORR)  compared  to  Pt/C  (20  wt.%  Pt).  Accelerated  degradation  testseywords:
uel cell
atalyst
urability
ore–shell–shell structure
xygen reduction reaction
(ADT)  indicated  that  the  addition  of  Y improved  catalyst  stability  compared  to Pt/C  and  Pd–Pt/C  core–shell
catalysts  under  various  experimental  conditions.  This  was  due  to the  Y  middle  layer  created  approxi-
mate  half-filled  metal–metal  d bond  between  Pt (or Pd)  and  Y.  This  catalyst  utilized  the  core–shell–shell
structure  to  minimize  the  Pt  usage,  and  Y  middle  shell  to improve  stability.
© 2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/3.0/).. Introduction
Catalyst is the most important factor which governs the perfor-
ance of polymer electrolyte membrane fuel cells (PEMFCs). It has
een extensively studied in the past decades in terms of increasing
he catalyst durability and reducing the cost. Carbon supported Pt
ano-particle catalyst is recognized as the best candidate for oxy-
en reduction reactions (ORRs). It has been reported that the fuel
ell suffers from power loss after a certain period running due to
he degradation of the cathode catalyst [1–3]. This degradation of
atalyst is caused by sintering of the Pt particles [4,5] and corro-
ion of the carbon support [6,7]. In terms of increasing the activity
nd durability on cathode side, Pt based alloys were widely stud-
ed. Among the Pt–M bimetallic catalysts, Jeon et al. [8] found that
t–Y/C has 20% higher mass activity and 65% higher specific activ-
ty than comparable Pt/C catalyst. Greeley et al. [9] reported that Pt
lloyed with early transition metals such as Sc or Y ORR catalysts
re the most stable Pt based binary alloys using density functional
heory calculations, their electrochemical measurements showed
hat the activity of polycrystalline Pt3–Sc and Pt3–Y electrodes
s enhanced relative to pure Pt by a factor of 1.5–1.8 and 6–10,
∗ Corresponding author. Tel.: +44 191 222 5745.
E-mail address: xiaoteng.liu@ncl.ac.uk (X. Liu).
ttp://dx.doi.org/10.1016/j.apcatb.2014.07.038
926-3373/© 2014 The Authors. Published by Elsevier B.V. This is an open access article urespectively, in the range of 0.9–0.87 V. Researchers also found that
Pd based alloys can be a good candidate to replace Pt for the pur-
pose of cost reduction as well as retain a comparable activity to Pt/C
catalysts [10–12]. Both Greeley et al. [9] and Seo et al. [13] found
that Pd3–Y/C showed increased ORR activity and stability than Pt/C
catalyst.
Core–shell structure nanoparticle catalyst has recently become
the research trend, because it reduces the usage of the noble metal
when used as shell material as well as retains similar or prior cat-
alytic activity compared to bulk alloy catalysts. Zhang et al. [12]
and Sasaki et al. [14] prepared Pd–Pt core–shell structure catalyst
using different preparation methods, and both catalysts showed
an increased ORR activity, durability and mass activity compar-
ing with Pt/C commercial catalysts. A controlled surface reaction
(CSR) method for core–shell catalysts preparation was previously
reported by Crabb et al. [15,16], this method utilizes the reaction
between an organometallic compound and the core metal surface
in a hydrogen environment, and the surface composition was  well
controlled. It also has the advantage of forming an uniform shell of
the second metal on the surface of the core material.
In this present work, Pd–Y–Pt/C core–shell–shell structure cat-
alysts were synthesized using yttrium(III) acetylacetonate hydrate
and platinum(II) acetylacetonate in a hydrogen environment to
produce Pd as the core, Y as the middle shell on Pd particles and Pt as
the outer shell. Meanwhile, a Pd–Pt/C core–shell structure catalyst
was also included as comparison.
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
5 : Envir
2
2
C
c
h
1
h
(
1
2
i
o
c
r
t
1
w
p
m
t
a
w
a
(
u
o
c
i
T
e
P
w
w
w
6
i
N
p
t
c
i
b
p
t
[
P
P
N
l
a
a
H
t
H
t94 X. Liu et al. / Applied Catalysis B
. Experimental
.1. Materials and chemicals
Vulcan XC-72R carbon powder was purchased from Cabot
orporation (USA). All other chemicals, ca.,  ammonium tetra-
hloropalladate(II) ((NH4)2PdCl4), yttrium(III) acetylacetonate
ydrate (Y(acac)3), platinum(II) acetylacetonate (Pt(acac)2); Nafion
17 solution (5%), sulfuric acid (98%), potassium hydroxide (85%),
ydrogen peroxide (30%), sodium hydroxide (97%) and ethanol
99.8%) were purchased from Sigma–Aldrich. Millipore water with
8 MU  cm resistivity was used in the experiments.
.2. Preparation of carbon supported Pt–Y–Pd/C catalyst
The core–shell–shell structure Pd–Y–Pt/C catalyst was  prepared
n two steps. Firstly, we prepared a 20 wt.% loading of Pd supported
n carbon catalyst using polyol method. 500 mg  of Vulcan XC-72R
arbon powder was dispersed in 150 ml  of ethanol in a two  neck
ound flask and the mixture was ultrasonically mixed for 30 min
hen stirred using a magnetic bar under nitrogen atmosphere for
 h. 334.0 mg  of (NH4)2PdCl4 was dissolved in 50 ml  de-ionized
ater and added drop wisely to the mixture. After 1 h stirring, the
H value of this mixture was measured with a Jenway 3310 pH
eter and adjusted to 11 by drop wise addition of 2 M NaOH solu-
ion. The mixture was refluxed at 75 ◦C for 12 h under a nitrogen
tmosphere. The resultant Pd/C catalyst was washed several times
ith ethanol and de-ionized water and then dried at 80 ◦C in a hot
ir oven.
The second step was to synthesize approximately 1.5 monolayer
ML) equivalence of Y and Pt core–shell–shell Pd–Y–Pt/C catalyst
sing a controlled surface reaction method [16]. The dispersion
f Pd/C was 18.0% which was calculated from the electrochemi-
al surface area (ECSA) in half cell electrochemical testing detailed
n Section 2.4, and confirmed with the average particle size (from
EM) and dispersion relationship [17,18]. 1.5 ML  coverage was
mployed to provide a reservoir large enough to enable the Y and
t formation of particles in which a greater fraction of each particle
ill consist of the Pd–Y–Pt trimetallic catalyst, i.e. yielding particles
ith a smaller Pd core. Briefly, 500 mg  of 20 wt.% Pd/C was  reduced
ith H2 at 200 ◦C for 30 min  in a three neck round flask reactor.
5.3 mg  of Y(acac)3 was dissolved in 100 ml  toluene and loaded
nto a dropping funnel, connected to the reactor. After purging with
2 gas, the solution was transferred into the reactor at room tem-
erature. After mixing for 2 h the temperature was  increased up
o 90 ◦C and maintained for 24 h under pure H2. This experimental
ondition allows H2 to adsorb onto the Pd surface to form Pd–Hads,
deally each H2 occupies 2 Pd atoms. Y(acac)3 reacts with Pd–Hads
y forming Pd–Y and releasing the C5H8O2. Then the surface of Pd
articles is homogenously covered by Y. The mechanism of con-
rolled surface reaction can be explained in the following formulas
19]:
d + H2 → Pd–Hads
d–Hads + Y–Rn → Pd–Y + nH–R
Then the content was cooled down to room temperature under
2. 66.5 mg  of Pt(acac)2 was dissolved in 100 ml  toluene and
oaded into the dropping funnel, then added into the same reactor
fter purging with N2 at room temperature. The content then,
gain, heated up to 90 ◦C and the reaction was carried out under
2 for 4 h to allow Pt deposit onto the Y surface. The contents of
he reactor were filtered, washed, dried and reduced again with
2 at 250 ◦C for 2 h, a small amount of this catalyst was  heat
reated at 350 ◦C for 2 h to check the function of Y against the heatonmental 162 (2015) 593–601
treatment condition. NaOH solution was added to the filtrates in
terms of checking any unreacted Y or Pt precursors. The resulting
trimetallic catalyst had a composition of 18.1 wt.% Pd, 3.0 wt.% Y
and 6.6 wt.% Pt. A 20% Pt/C catalyst was  also prepared using the
same polyol method from chloroplatinic acid as comparison.
2.3. Characterizations
X-ray photoelectron spectroscopy (XPS) analysis was used
to elucidate the electronic structures and composition of the
Pd–Y–Pt/C and Pd–Pt/C nanoparticles. XPS analysis was  performed
with a Kratos Axis Nova spectrometer. The catalyst was fixed
on the support using a copper double-sided adhesive conducting
tape and then evacuated at room temperature. The spectra were
excited by the monochromatized Al Ka source (1486.6 eV) run at
15 kV and 10 mA.  For the individual peak regions a pass energy
of 20 eV was used. Survey spectrum was  measured at 160 eV pass
energy. Analyses of the peaks were performed with the CasaXPS
software after Shirley background subtraction. The peaks were fit-
ted using an asymmetric Gaussian–Lorentzian sum function with
the constraint that all the peaks display the same asymmetry and
Gaussian/Lorentzian ratio. The binding energies were lined up with
respect to the C 1s peak at 284.6 eV. High resolution transmis-
sion electron microscopy (HRTEM) was  employed to determine the
morphology of the catalysts, energy dispersive X-ray (EDX) fitted
in HRTEM was  used to analyze the structure of core–shell–shell
nanoparticles, both line and mapping scans was performed to iden-
tity the structure of Pt, Y and Pd elements. The HRTEM/EDX analysis
was performed at Leeds Electron Microscopy and Spectroscopy
(LEMAS) Center. The instrument was FEI Tecnai TF20 FEGTEM Field
emission gun TEM/STEM fitted with HAADF detector, and Oxford
Instruments INCA 350 EDX system/80 mm  X-Max SDD detector and
Gatan Orius SC600A CCD camera.
2.4. Electrochemical evaluation
Half cell electrochemical evaluations were conducted using
a BASi RRDE-3A package which consists of a rotating ring disk
electrode (RRDE) apparatus, a glass cell vial (100 ml), an Ag/AgCl
reference electrode, a 7.5 cm long Pt wire with 0.5 mm diameter
and RRDE tip. The RRDE tip consisted of a glassy carbon disk with
a surface area of 0.1256 cm2 and platinum ring surface area of
0.1884 cm2. The data were recorded using an AutoLab PGSTAT30
potentiostat/galvanostat with GPES software. The potential
reported in this study are referred to the reference hydrogen
electrode (RHE). The loading of catalyst deposited on the GC  disk
was 0.5 mg  cm−2. The ink was  prepared by ultrasonically mixing
the catalysts and 5.0 wt.% Nafion ionomer in ethanol. A required
amount of the catalyst slurry was  carefully dropped on glassy
carbon surface and allowed to dry at room temperature for 15 min
to obtain a uniform catalyst film. The cyclic voltammograms (CV)
were recorded at 0.2 V s−1 between 0 and 1.2 V vs. RHE, the ECSA
of reduction peak which is between potential 1.0–0.4 V vs. RHE at
cathodic sweep was considered as the active surface area of the
catalysts. The charge related to a monolayer of double banded
oxygen pieces reduction was  420 C cm−2. The dispersion value
of Pd–C catalyst (for preparation of Pd–Y–Pt/C catalyst) was calcu-
lated using this method to find out the active amount of Pd atoms
out of the total Pd atoms in certain amount of Pd/C catalyst. After
the initial measurement, the electrodes were scanned 20,000 times
under the same condition as ADT test. The electrolytes were 0.5 M
H2SO4 solution saturated with N2 for the CV and potential cycling
ADT test. ORR profile was  analyzed using the same electrode in
O2 saturated 0.5 M H2SO4, linear scan voltammetry (LSV) was
recorded from 1.0 to 0.5 V vs.  RHE against the increasing rotation
speeds—400, 900, 1600 and 2500 rpm. RRDE study was  carried
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ut to check the peroxide during O2 reduction, the electrode was
canned between the potential 1.0 and 0 V vs.  RHE in O2 saturated
.5 M H2SO4, the potential applied on the ring was 1.2 V. The scan
ate for both ORR tests was 0.005 V s−1. All half-cell experiment
as carried out at room temperature.
. Results and discussion
.1. Composition analysis and structure characterizations
XPS analyses were used to elucidate the electronic structures
nd composition of the Pd–Y–Pt/C and Pd–Pt/C nanoparticles.
able 1 lists the composition of each element from preparation
alculations and XPS analysis. The values from XPS analysis are
enerally in agreement with the preparation calculation, which
eans that both Y and Pt were reduced from the precursors. How-
ver, XPS indicated slightly higher values of Pt and Pd and lower
alue of Y, this could be attributed to electronegativity differences,
able 1
reparation and XPS elementary analysis of Pd–Y–Pt/C and Pd–Pt/C catalysts.
Pd–Y–Pt/C (% wt.) Pd–Pt/C (% wt.)
Pd Y Pt Pd Pt
Preparation 18.1 3.0 6.6 18.6 6.8
XPS  18.8 2.4 6.9 19.0 7.0ctra of Pd–Y–Pt/C and Pd–Pt/C catalysts.
leading to charge transfer from the less electronegative Y to the
more-electronegative Pd and Pt [13].
Fig. 1 shows the XPS (a) Pd 3d, (b) Pt 4f and (c) Y 3d spec-
tra of Pd–Y–Pt/C and Pd–Pt/C catalysts. The binding energy (BE)
of the major doublet of Pd–Pt/C in Fig. 1(a) appears at 335.3 eV
and 340.5 eV, respectively, and were attributed to the presence
of metallic Pd (0) [20,21]. Another doublet at 336.4 and 341.3 eV,
respectively, was  attributed to an oxidation state similar to that
of Pd (II) [13,21]. All these peak positions shifted more negtively
than Pd/C monometallic catalyst, because of the presence of Pt and
the d–d bond hybridization occurs between two  metal elements
[13,22]. BEs of Pd–Y–Pt/C had an even further negative shift than
Pd–Pt/C, this is likely to attributed to the presence of Y in the cat-
alyst. The effect of Y also observed from the BEs of Pt 4f spectra
in Fig. 1(b). All peak positions of Pd–Y–Pt/C were shifted positively
when compared with the Pd–Pt/C catalyst. In Fig. 1(c), the Y 3d BEs
were observed at 157.9 and 159.8 eV which differ from the metallic
Y (156.0 and 158.5 eV) [23], this could result from the low tempera-
ture heat treatment condition and the influence of Pt and Pd. There
is no peak of YxOy observed from XPS analysis, and we assume that
Y in this catalyst present in zero-valent or oxidant state Y is lower
than detective level.
Fig. 2 shows the TEM image of Pd–Y–Pt/C catalyst heat treated
◦at 250 C. Spherical particles were mostly homogenously deposited
on the carbon substrate. Particle size distribution of Pd/C, Pd–Pt/C,
Pd–Y–Pt/C heat treated at 250 and 350 ◦C are presented in Fig. 3. All
catalysts have narrow particle size distribution, the average particle
596 X. Liu et al. / Applied Catalysis B: Envir
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Pt shell. The core–shell–shell structure was  successfully achievedFig. 2. TEM image of Pd–Y–Pt/C catalyst heat treated at 250 ◦C.
ize of Pd/C is 9.9 nm,  and of Pd–Pt/C, Pd–Y–Pt/C heat treated at
50 and 350 ◦C are 10.4 nm,  10.5 nm and 10.8 nm,  respectively. The
ddition of Pt on Pd gave an increase of 0.48 nm,  this minor increase
eflected that only atomic layers of Pt was added onto the surface of
Fig. 3. Particle size distribution of Pd/C, Pd–Pt/C,onmental 162 (2015) 593–601
Pd. Another 0.11 nm increase in average particle size was observed
with the addition of Y. The Pd–Y–Pt/C heat treated at 350 ◦C has
0.29 nm bigger in average particle size which is much smaller than
this of Pd based catalysts prepared at similar temperature by other
researchers [24–26]. It can be predicted that the Y middle layer
could prevent particle size growth with increasing temperatures.
Morphological elements analysis was  performed using EDX line
scan and confirmed with mapping scan in LEMAS center. This tech-
nique allows us to see the location of the Y and Pt as well as the core
material Pd. Figs. 4 and 5 show the HAADF, elemental line spectra
and mapping profile of Pd, Y and Pt of Pd–Y–Pt/C catalyst as well
as the overlaid elemental mapping scan image for single particles.
The existence of the 3 elements has been confirmed, it gave the
evidence of deposition of Y and Pt from the precursor was suc-
cessful. The EDX electron beam went along the green line shown
in the dark field image in Fig. 4. Spectra (a) indicate the intensity
detected by the electron beam went across the particle, it is clear
that Pt presents on the outer surface followed by strong Y peaks
slightly located inside. Pd mainly composed as the core which cov-
ered by Y then Pt. Dark image Fig. 4(b) shows a blurred profile
of the particle, because that the particle is slightly burnt by the
high energy electron beam after the pervious scan. In Fig. 4(b), the
scan went across the edge of the particle, the corresponding spectra
indicate a clear core–shell–shell structure, however, each elements
were slightly overlapped because the atoms were scattered. EDX
mapping scan in Fig. 5 gives complementary detail confirms the
core–shell–shell structure. Analysing the particle, Pd was  present
in the middle as prepared as the core material, Pt is composed as
a ring and mainly located on the outer layer of the particles, Y has
relatively low level signal strength, however, it can be seen that
the Y signal had higher concentration between the Pd core andby the controlled surface reaction preparation method. XPS and
CV results also gave evidence that Y is covered by Pt rather than
exposed on the surface.
 Pd–Y–Pt/C heat treated at 250 and 350 ◦C.
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.2. Electrochemical evaluation
Cyclic voltammetry (CV) was performed by scanning the elec-
rodes in N2 saturated 0.5 M H2SO4 electrolyte between 0 and
.2 V vs.  RHE at room temperature. Fig. 6 shows the cyclic voltam-
ograms of Pd–Y–Pt/C heat treated at 250 ◦C and 350 ◦C, Pd–Pt/C
nd Pt/C catalysts. All catalysts exhibited well-defined hydro-
en under-potential deposition (UPD) symmetric response around
.1–0.2 V vs.  RHE, and clear surface oxidation/reduction region at
otentials higher than 0.6 V vs.  RHE. Considering the oxide reduc-
ion onset potentials appear at around 0.9–1.0 V vs.  RHE, Pd–Y–Pt/C
ndicated a onset potential of 1.1 V vs.  RHE which is higher than 0.9 V
s. RHE of Pd/C [10,27,28]. Pd–Y–Pt/C has very similar oxide reduc-
ion onset potential to Pt/C, in addition, a sharper single reduction
eak was observed, and the maximum peak potential is 0.1 V higher
he Pt/C. Similar results also observed and reflect that the Pd surface
as covered by Pt of Pd–Pt/C catalyst. In terms of comparing the cat-
lytic activity, the HUPD electrochemical surface area (ECSA) and
he electrochemical platinum surface area (EPSA) of Pt/C, Pd–Pt/C
nd Pd–Y–Pt/C are listed in Table 2. Both Pd–Pt/C and Pd–Y–Pt/C
ave slightly increased ECSA per mg  metal than Pt/C. larger surface
rea may  result from Pt atoms which well dispersed on the surface
15,16]. EPSA reflects the catalytic activity per mg  Pt. It is clear that
he core–shell structure catalysts indicate dramatic increased EPSA
han Pt/C, because of the benefit from the core–shell structure. The
lectrochemical reaction only occurs on the catalyst surface, so the
t efficiency has been increased as it only located on the surface of
he catalysts. The purpose of including Pd–Y–Pt/C heat-treated at
50 ◦C is to see the influence of heat treatment temperature when
 involved. Interestingly, with 100 ◦C higher heat treatment condi-
ion, the Pd–Y–Pt/C did not show any reduction in current density,
ut an increase in current density and a positively shifted onset
xide reduction potential were observed. This could indicate that
 protected the Pd particle growth and influenced the growth of
t on the surface. The improvement of this aspect will be further
nvestigated in our future work.ra of Pd, Y and Pt of Pd–Y–Pt/C catalyst.
Accelerated degradation test (ADT) was  performed by scanning
the electrodes 20,000 times under the same half-cell condition
between 0 and 1.2 V vs.  RHE. The initial and the 20,000th scans
are compared in Fig. 7 for the ADT CVs of Pt/C, Pd/C, Pd–Pt/C and
Pd–Y–Pt/C catalysts. A decrease of current density on hydrogen
UPD and oxidation/reduction regions was observed on all catalysts.
Pd/C has the most intensive degradation due to the dissolution
of Pd atoms. Pt/C showed a better stability than Pd/C, however,
the Pt atom dissolution and surface structure rearrangement still
occurred, the electrochemical surface area (ECSA) of hydrogen oxi-
dation peak at UPD region had a 46% decrease. While the surface
of Pd covered by Pt only, the Pt–Pd/C core–shell catalyst showed
a similar degradation with a decrease of 32% in ESA. Pd–Y–Pt/C
core–shell–shell structure catalyst exhibited even better stability
with only 22% decrease in ESA. The results suggested that with
a core–shell structure, the Pd–Pt/C catalyst had a better stability
which is in agreement with the finding of Zhang et al. [29]. The
effect of Y on improving stability of Pd–Y–Pt/C is observed when
compared to the result with Pd–Pt/C.
ORR profile was  analyzed using the same electrodes in O2 satu-
rated 0.5 M H2SO4, Fig. 8 shows the effect of the RDE rotation speed
on the LSV data for Pd–Y–Pd/C catalyst, the rotation speeds was  400,
900, 1600 and 2500 rpm. The LSV curves showed a parallel profile,
and the limiting current is gradually increased with increasing rota-
tion speed. The onset potentials of ORR were observed at around
0.95 V vs.  RHE which is the same to Pt/C monometallic catalyst [28].
The Koutecky–Levich plots at different potentials showed a linear
dependence at all potentials (Fig. 9). The linear and the parallel form
of these plots usually indicate first-order kinetics with respect to
molecular oxygen, although this criterion is not very specific [30].
The number of electrons in the ORR can be calculated from the
Koutecky–Levich equation:1
i
=
(
i
ik
)
+
(
1
if
)
+
(
1
id
)
(1)
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Fig. 5. HAADF, elemental mapping scan of Pd, Y and Pt of Pd–Y–Pt/C catalyst and the overlaid elemental scan image.
Table 2
Electrochemical activity parameters obtained from CV and ORR results for Pt/C, Pd–Pt/C and Pd–Y–Pt/C heat-treated at 250 ◦C catalysts.
ECSA (cm2 mg−1
metal
) EPSA (cm2 mg−1Pt ) I @ 0.8 V vs.  RHE
(mA  cm−2)
Metal mass activity @ 0.8 V
vs.  RHE (mA  mg−1)
Pt mass activity @ 0.8 V
vs.  RHE (mA mg−1Pt )
n
Pt/C 426 426 2.32 184.7 184.7 3.74
Pd–Pt/C 453 1696 2.14 185.9 696.3 3.67
Pd–Y–Pt/C 481 2021 2.36 187.9 789.8 3.92
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F
P
fi
c
iig. 6. Cyclic voltammograms of Pd–Y–Pt/C heat treated at 250 ◦C and 350 ◦C,
d–Pt/C and Pt/C catalysts.
Since the amount of Nafion in the electrode is small and the
lm resistance is sufficiently small (∼0.01 cm2 mA−1), the overall
urrent can be described as:
1
i
=
(
i
ik
)
+
(
1
id
)
(2)The value for id can be represented as
d = 0.62nFACD2/3−1/6ω1/2 (3)
Fig. 7. The ADT CVs of Pt/C, Pd/C, Pd–Fig. 8. LSV response with increasing rotation speed for Pd–Y–Pd/C catalyst.
where n is the number of electrons transferred in the reac-
tion, F is the Faraday constant, A is geometric surface area of
the electrode, C is the concentration of O2 in the solution at
atmospheric pressure (1.03 × 10−3 M),  D is the diffusion coef-
ficient for O2 (2.1 × 10−5 cm2 s−1), n is the kinematic viscosity
(1.1 × 10−2 cm2 s−1) and ω is the electrode rotation rate. From the
slops of Koutecky–Levich plots, n value of Pd–Y–Pt/C is presented
in Table 2 along with the n values of Pt/C and Pd–Pt/C catalysts.
All three catalysts indicated a four-electron reduction of O2 as
the n values are within the range of 3.6–4.0. At 0.8 V vs.  RHE,
the practical operating potential of fuel cell cathode, the current
density was measured for the three catalysts at 900 rpm on ORR
scans. Metal mass activity and Pt mass activity were calculated
using such current density, these values are also listed in Table 2.
Pt/C and Pd–Y–Pt/C catalysts.
600 X. Liu et al. / Applied Catalysis B: Environmental 162 (2015) 593–601
Fig. 9. Koutecky–Levich plots drawn from Fig. 8.
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ith the same catalyst loading on the GC electrode, metal mass
ctivity is related to the particle size. Increased mass activity of
ore–shell catalysts are observed when compare to Pt/C catalyst.
hese can explain the reason that the core–shell structure catalysts
ave improved activity, as the catalytic activity is largely related
o the active surface area. This trend is in agreement with the
CSA results, but in discrepancy with the TEM average particle size
easurement. As discussed previously, controlled surface reac-
ion preparation results in highly amorphous surface of the add-on
etal and increase the surface area of the catalyst [15,31–33]. Same
o EPSA, Pt mass activity of the core–shell catalysts was  largely
ncreased due to the benefit from the novel structure which reduces
t amount.
The electrochemical oxygen reduction on Pt/C catalyst is known
o occur in a four-electron transfer process [34,35]. Rotating ring
isc electrode (RRDE) test, which confirms the catalyst’s ORR
ctivity was also performed. Results in Fig. 10 were obtained for
d–Y–Pt/C catalyst and the disk/ring response obtained by RRDE
t a constant rotation speed is compared with those of Pt/C cata-
yst. Such measurement was carried out by setting the potential of
he ring electrode at 1.2 V, where the complete oxidation of H2O2
ormed by oxygen reduction on the disc electrode was under dif-
usion controlled process. The percentages of peroxide generation
t 0.4 V were calculated using the following equation based on the
ing current:H2O2 = 2 × (IR/N)/ID + IR/N
here IR is ring current, ID is disc current, and N is the collection
fficiency coefficient which is 37%. The yield of H2O2 produced dur-
ng ORR obtained at 900 rpm with 5 mV  s−1 scan rate of Pd–Y–Pd/CFig. 11. Initial and the 500th scan of ORR ADT LSV of Pt/C, Pd–Pt/C and Pd–Y–Pt/C
catalysts.
and Pt/C were 2.0% and 3.8%, respectively. This result suggested
that Pd–Y–Pt/C showed higher activity and more 4-electron trans-
fer process than Pt/C. The Pt/C activity obtained in this study was
in agreement with the author’s work on showing less than 4%
H2O2 produced on Pt/C in 0.5 M H2SO4 [28,36]. This ORR activity
improvement of Pd–Y–Pt/C catalyst is in agreement with Greeley’s
numerical research on ORR activity of Y, Pt and Pd catalysts [9].
To examine the stability of the catalyst in ORR conditions, the
ADT test was carried out using RDE electrode after the ORR  LSV
tests in O2 saturated 0.5 M H2SO4 (O2 constant flushing). The rota-
tion speed was kept at 900 rpm, the electrode was cycled from 1.0
to 0.4 V vs.  RHE for 500 times at a scan rate of 5 mV s−1. Fig. 11 shows
the initial and the 500th scans of ORR ADT LSV of Pt/C, Pd–Pt/C and
Pd–Y–Pt/C catalysts. Shifts on ORR onset potential toward nega-
tive direction was  observed for all catalysts. It is noticeable that
Pd–Y–Pt/C showed the smallest decrease and Pd–Pt/C showed the
biggest. The shift of onset potential for Pt/C, Pd–Pt/C and Pd–Y–Pt/C
were around 0.023 V, 0.021 V and 0.003 V, respectively. As detailed
previously, Pt surface structure rearrangement happens at higher
potential; the scan rate is slow enough for Pt sintering at these
: Envir
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otentials; bonding and debonding process between oxygen and
atalyst may  also accelerate this aspect. These ‘damaged’ the Pt/C
iving a more negatively shifted onset ORR potential. The high dura-
ility of Pd–Y–Pt/C can be understood as the Y middle layer created
pproximately half filled metal–metal d bond between Pt (or Pd)
nd Y, this can be explained as the bonding states are filled and
he antibonding states are empty [37]. Result indicated that, with
he addition of Y, the Pd–Y–Pt/C has better durability in during the
RR. The Pd core is also protected by Y during ADT.
. Conclusions
Pd–Y–Pt/C catalyst with core–shell–shell structure was  synthe-
ized using a controlled surface reaction method for ORR. This
reparation method can create atomic layers of second and third
etals on the surface of core material. The use of shell material
s also dramatically reduced while the ORR activity was slightly
ncreased. Meanwhile, the reduction of zero-valent Y was success-
ul, there is no YxOy detected even after exposing the catalyst to air.
 was most likely covered by the outer layer of Pt which protects
he Y from contact with oxygen. Y, again, is a protection shell for
d which is unstable during half cell testing. In half cell testing,
he Pd–Y–Pd/C catalysts showed improved activity and durabil-
ty compared to Pt/C and Pd–Pt/C core–shell catalyst. It showed
omparable performance to 20% Pt/C with less than 7% of Pt in
he catalyst. Therefore, core–shell–shell structure Pd–Y–Pt/C cata-
ysts are a promising catalyst for low temperature and intermediate
emperature PEM fuel cells.
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